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Abstract
Assuming the two diquark structure for the pentaquark state as advocated in the Jaffe-Wilczek
model, we study the strong decays of light and heavy parity-even pentaquark states using the
light-front quark model in conjunction with the spectator approximation. The narrowness of the
Θ+ width is ascribed to the p-wave configuration of the diquark pair. Taking the Θ+ width as a
benchmark, we estimate the rates of the strong decays Ξ−−3/2 → Ξ−π−,Σ−K−, Σ05c → D−s p, D∗−s0 p
and Ξ05c → D−s Σ+,D∗−s0 Σ+ with Σ5c,Ξ5c being antisextet charmed pentaquarks and D∗s0 a scalar
strange charmed meson. The ratio of Γ(Pc → BD∗s0)/Γ(Pc → BDs) is very useful for verifying the
parity of the antisextet charmed pentaquark Pc. It is expected to be of order unity for an even
parity Pc and much less than one for an odd parity pentaquark.
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I. INTRODUCTION
The recent discovery of an exotic Θ+ baryon with S = +1 by LEPS at SPring-8 [1], subsequently
confirmed by many other groups [2, 3, 4, 5, 6, 7, 8, 9, 10, 11], led to a renewed interest in hadron
spectroscopy and promoted a re-examination of the QCD implications for exotic hadrons. The
mass of the Θ+ is of order 1535 MeV and its width is less than 10 MeV from direct observations
and can be as narrow as 1 MeV from the analysis of K-deuteron scattering data [12] and it is most
likely an isosinglet. The I = 3/2 exotic pentaquark Ξ−−3/2 with a mass of 1862± 2 MeV and a width
smaller than 18 MeV was observed by NA49 [13] (see also [14] for a critical discussion). In spite
of the confirmation of the Θ+ from several experiments, all current experimental signals are weak
and the significance is only of 4–6 standard deviations. Indeed, there exist several null results for
the pentaquark search from [15, 16, 17, 18, 19]. An effort for understanding why the Θ+ is seen in
some experiments but not in others has been made in [20]. The pentaquark candidate signals must
be established beyond any doubt by increasing the experimental statistics.
The Θ+ mass is expected to be of order 1900 MeV for an s-wave ground state with odd parity and
2200 MeV for a p-wave state with even parity in the conventional uncorrelated quark model. The
width is at least of order several hundred MeV as the strong decay Θ+ → KN is Okubo-Zweig-
Iizuka (OZI) super-allowed. Therefore, within the naive uncorrelated quark model one cannot
understand why Θ+ is anomalously light and why its width is so narrow. This hints a possible
correlation among various quarks; two or three quarks could form a cluster. Several quark cluster
models have been proposed in the past [21, 22, 23]. For example, Jaffe and Wilczek [21] advocated
a two diquark picture in which the Θ+ is a bound state of an s¯ quark with two (ud) diquarks. The
diquark is a highly correlated spin-zero object and is in a flavor anti-triplet and color anti-triplet
state. The parity of Θ+ is flipped from the negative, as expected in the naive quark model, to
the positive owing to the diquark correlation. The even parity of the Θ+ is in agreement with the
prediction of the chiral soliton model [24]. Note that two of previous lattice calculations imply
a negative parity for the Θ+ [25, 26]. However, based on the Jaffe-Wilczek picture to construct
the interpolating operators, a recent quenched lattice QCD calculation with exact chiral symmetry
yields a positive parity for the pentaquark states Θ+, Ξ−−3/2 [27] and for charmed pentaquarks to be
discussed below [28].
It is natural to consider the heavy flavor analogs Θ0c and Θ
+
b of Θ
+ by replacing the s¯ quark in
Θ+ by the heavy antiquark c¯ and b¯, respectively. Whether the mass of the heavy pentaquark state
is above or below the strong-decay threshold has been quite controversial. Very recently, a narrow
resonance inD∗−p andD∗+p¯ invariant mass distributions was reported by the H1 Collaboration [29].
It has a mass of 3099 ± 3 ± 5 MeV and a Gaussian width of 12 ± 3 MeV and can be identified
with the spin 1/2 or 3/2 charmed pentaquark baryon. However, there are also several null results
reported by ZEUS [30], ALEPH [18] and FOCUS [31]. Although the state observed by H1 is about
300 MeV higher than the DN threshold, it is possible that the observed H1 pentaquark is a chiral
partner of the yet undiscovered ground state Θ0c with opposite parity and a mass of order 2700 MeV
as implied by several model estimates [32]. The latter pentaquark can be discovered only through
its weak decay [33]. Note that the theoretical estimates of Θc mass are controversial even within
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the Jaffe-Wilczek picture: The original estimate made by Jaffe and Wilczek is below the D(∗)p
threshold [21], while other calculations in [28, 34] that take into account hyperfine interactions
between the anti-charmed quark and the two diquarks yield a charmed pentaquark mass above
the strong-decay threshold. The latter is also preferred by a recent QCD sum rule calculation [35].
Given the situation, it is therefore interesting to consider the strong decays of charmed pentaquarks
as well.
In the Jaffe-Wilczek model, there exist parity-even antisextet and parity-odd triplet heavy pen-
taquarks containing a single heavy antiquark c¯ or b¯ and they are all truly exotic. The heavy
pentaquark baryons in the 3f representation are lighter than the 6¯f ones due to the lack of orbital
excitation and therefore may be stable against strong decays [28, 36]. Consequently, it becomes
important to study the weak decays of triplet heavy pentaquarks [33, 37]. In [33] we have em-
ployed the relativistic light-front (LF) approach to study the heavy pentaquark weak decays. It is
found that the weak transition form factors thus obtained are consistent with heavy quark symme-
try [38, 39, 40, 41].
The light-front model allows us to study the transition form factors and their momentum depen-
dence. Furthermore, large relativistic effects which may manifest near the maximum large recoil,
i.e. q2 = 0, are properly taken into account in the light-front framework. In this work we shall
extend the formalism to pentaquark strong decays. The strong decays of pentaquarks have been
studied in [42, 43, 44, 45, 46, 47] and they can be classified into
(a) P(10)→ B(8) +M,
(b) PQ(6¯)→ B(8) +MQ, (1.1)
where P(Q) denotes a generic (heavy) pentaquark baryon, B(8) stands for the usual octet baryon
made of three quarks and M(Q) is a (heavy) meson. Examples are Θ
+ → pK0, Ξ−− →
Ξ−π−,Σ−K−, Σ05c → D−s p, Ξ05c → D0Ξ0,D−s Σ+,D∗−s0 Σ+. Of course, whether the above-mentioned
strong decays are kinematically allowed or not depends on the (heavy) pentaquark masses. It is
interesting to understand why the Θ+ width is much smaller than a typical strong decay width.
We find that the narrowness of the Θ+ width is most likely ascribed to the p-wave configuration
of its constituent diquark pair. It is important to note that the scalar charmed meson D∗s0 is ex-
perimentally found to have a mass of order 2317 MeV [48, 49], which is considerably lighter than
expected from potential models [50]. Therefore, the D∗s0B threshold is not far from the DsB one,
rendering the study of the decay Pc → D∗s0B interesting. Indeed, since the parities of D∗s0 and Pc
(in the Jeffe-Wilczek model) are the same, the D∗s0B final state can be in a s-wave configuration.
Thus it is not subject to a suppression near the threshold and hence can have a sizable decay rate
compared to Pc → DsB. This could be useful for measuring the parity of Pc.
The layout of the present paper is organized as follows. In Sec. II we present a study of the
pentaquark transitions within the light-front quark model and derive the analytic expressions for
form factors. Numerical results for form factors and examples of strong decays of light and heavy
pentaquark baryons are worked out in Sec. IV. Conclusion is given in Sec. V followed by an
Appendix devoted to various baryon and meson Clebsch-Gordan coefficients.
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II. FORMALISM OF A LIGHT-FRONT MODEL FOR PENTAQUARKS
In this section we shall focus on the hadronic strong decays of light and heavy pentaquarks within
the light-front approach and the Jaffe-Wilczek model. In this study we need to use pentaquark and
meson vertex functions. We shall consider the mesonic case first as it is simpler. Readers who are
not interested in the technical details of vertex functions can skip directly to Sec. II B.
A. Vertex functions in the light-front approach
1. Vertex functions for mesons
In the conventional light-front approach, a meson bound state consisting of a quark q1 and an
antiquark q¯2 with the total momentum P and spin J can be written as (see, for example, [51] for
odd-parity and [52] for even-parity mesons)
|M(P, 2S+1LJ , Jz)〉 =
∫
{d3p1}{d3p2} 2(2π)3δ3(P˜ − p˜1 − p˜2)
×
∑
λ1,λ2,α,a,b
ΨJJzLS (x1, x2, k1⊥, k2⊥) M
b
a|(qc)aα(p1, λ1)(q¯c)bα(p2, λ2)〉, (2.1)
where a, b are flavor indices 1, α is the color index,M ba is a normalized matrix element characterizing
the meson SUf (3) quantum number (see the Appendix for details), p1, p2 are the on-mass-shell
light-front momenta,
p˜ = (p+, p⊥) , p⊥ = (p1, p2) , p− =
m2 + p2⊥
p+
, (2.2)
and
{d3p} ≡ dp
+d2p⊥
2(2π)3
,
|qc(p1, λ1)q¯c(p2, λ2)〉 = b†λ1(p1)d
†
λ2
(p2)|0〉, (2.3)
{bλ′(p′), b†λ(p)} = {dλ′(p′), d†λ(p)} = 2(2π)3 δ3(p˜′ − p˜) δλ′λ.
Note that we use the charge conjugated fields for quarks. For example, we shall use
|cc(p1, λ1)d¯c(p2, λ2)〉 in Eq. (2.1) for the D− meson. The reason for using the charged conjugated
field will become clear later.
In terms of the light-front relative momentum variables (x, p⊥) defined by
p+1 = x1P
+, p+2 = x2P
+, x1 + x2 = 1,
p1⊥ = x1P⊥ + k1⊥, p2⊥ = x2P⊥ + k2⊥, k⊥ = k1⊥ = −k2⊥, (2.4)
the momentum-space wave-function ΨJJzLS for a
2S+1LJ meson can be expressed as
ΨJJzLS (x1, x2, k1⊥, k2⊥) =
1√
N c
〈LS;LzSz|LS;JJz〉RSSzλ1λ2(x, k⊥) ψLLz(x, k⊥), (2.5)
1 Note that we use the field convention instead of the particle convention to denote the quantum numbers
of the state, i.e. the state quantum number is defined according to the field creating the state.
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where x ≡ x2, ϕLLz (x, k⊥) describes the momentum distribution of the constituent quarks in
the bound state with the orbital angular momentum L, 〈LS;LzSz|LS;JJz〉 is the corresponding
Clebsch-Gordan coefficient and RSSzλ1λ2 constructs a state of definite spin (S, Sz) out of light-front
helicity (λ1, λ2) eigenstates. Explicitly [53, 54],
RSSzλ1λ2(x, k⊥) =
∑
s1,s2
〈λ1|R†M (1−x, k⊥,m1)|s1〉〈λ2|R†M (x,−k⊥,m2)|s2〉
〈
1
2
1
2
; s1s2|1
2
1
2
;SSz
〉
, (2.6)
where |si〉 are the usual Pauli spinors, and RM is the Melosh transformation operator [53, 54]:
〈s|RM (x, k⊥,mi)|λ〉 = u¯D(ki, s)u(ki, λ)
2mi
= − v¯(ki, λ)vD(ki, s)
2mi
=
(mi + xiM¯0)δsλ + i~σsλ · ~k⊥ × ~n√
(mi + xiM0)2 + k2⊥
, (2.7)
with u(D), a Dirac spinor in the light-front (instant) form which has the expression
uD(k, s) =
6k +m√
k0 +m
(
χs
0
)
, u(k, λ) =
6k +m√
2k+
γ+γ0
(
χλ
0
)
, (2.8)
in the Dirac representation, ~n = (0, 0, 1), a unit vector in the z-direction, and
M20 =
m21 + k
2
⊥
x1
+
m22 + k
2
⊥
x2
. (2.9)
Note that uD(p, s) = u(p, λ)〈λ|R†M |s〉 and, consequently, the state |q(p, λ)〉〈λ|R†M |s〉 transforms
like |q(p, s)〉 under rotation, i.e. its transformation does not depend on its momentum. A crucial
feature of the light-front formulation of a bound state, such as the one shown in Eq. (2.1), is the
frame-independence of the light-front wave function [53, 55]. Namely, the hadron can be boosted
to any (physical) (P+, P⊥) without affecting the internal variables (x, k⊥) of the wave function,
which is certainly not the case in the instant-form formulation.
In practice it is more convenient to use the covariant form for RSSzλ1λ2 [56]:
RSSzλ1λ2(x, k⊥) =
1√
2 M˜0(M0 +m1 +m2)
u¯(p1, λ1)(6 P¯ +M0)Γ v(p2, λ2), (2.10)
with
M˜0 ≡
√
M20 − (m1 −m2)2,
P¯ ≡ p1 + p2,
εµ(P¯ ,±1) =
[
2
P+
~ε⊥(±1) · ~P⊥, 0, ~ε⊥(±1)
]
, ~ε⊥(±1) = ∓(1,±i)/
√
2,
εµ(P¯ , 0) =
1
M0
(
−M20 + P 2⊥
P+
, P+, P⊥
)
. (2.11)
For the pseudoscalar and vector mesons, we have
ΓP = γ5 (pseudoscalar, L = 0, S = 0),
ΓV = − 6ε(P¯ , Sz) (vector, L = 0, S = 1), (2.12)
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where
M0 = e1 + e2, ei =
√
m2i + k
2
⊥ + k2z , kz =
x1M0
2
− m
2
1 + k
2
⊥
2x1M0
. (2.13)
Applying equations of motion on spinors to Eq. (2.10) leads to
u¯(p1)(6 P¯ +M0)γ5 v(p2) = (M0 +m1 +m2)u¯(p1)γ5 v(p2),
u¯(p1)(6 P¯ +M0) 6ε v(p2) = u¯(p1)[(M0 +m1 +m2) 6ε− ε · (p1 − p2)] v(p2), (2.14)
and RSSzλ1λ2 is reduced to a more familiar form [56]. It is, however, more convenient to use the form
shown in Eq. (2.10) when extending to the p-wave meson case. Two remarks are in order. First,
p1 + p2 is not equal to the meson’s four-momentum in the conventional LF approach as both the
quark and antiquark are on-shell. Second, the longitudinal polarization 4-vector εµ(P¯ , 0) given
above is not exactly the same as that of the vector meson and we have ε(P¯ , Sz) · P¯ = 0. We
normalize the meson state as
〈M(P ′, J ′, J ′z)|M(P, J, Jz)〉 = 2(2π)3P+δ3(P˜ ′ − P˜ )δJ ′JδJ ′zJz , (2.15)
so that ∫
dx d2k⊥
2(2π)3
ψ∗L′L′z(x, k⊥)ψLLz (x, k⊥) = δL′L δL′zLz . (2.16)
Explicitly, we have
ψLLz(x, k⊥) =
√
dkz
dx
ϕLLz(x, k⊥),
dkz
dx
=
e1e2
x1x2M0
,
ϕ00(x, k⊥) = ϕ(~k, β), ϕ1m(x, k⊥) = kmϕp(~k, β), (2.17)
where km = −~ε(m) · ~k = ε(P¯ ,m) · (p1 − p2)/2, or explicitly km=±1 = ±(k⊥x ± ik⊥y)/
√
2, km=0 =
−kz are proportional to the spherical harmonics Y1m in the momentum space, and ϕ, ϕp are the
distribution amplitudes of s-wave and p-wave mesons, respectively. There are several popular
phenomenological light-front wave functions that have been employed to describe various hadronic
structures in the literature. For a Gaussian-like wave function, one has [51, 52]
ϕ(~k, β) = 4
(
π
β2
) 3
4
exp
(
−k
2
z + k
2
⊥
2β2
)
, ϕp(~k, β) =
√
2
β2
ϕ(~k, β). (2.18)
The parameter β is expected to be of order ΛQCD and will be specified later.
It is straightforward to obtain [33, 56]
iR00λ1λ2(x, k⊥) =
i√
2 M˜0
u¯(p1, λ1)γ5 v(p2, λ2),
〈1S;LzSz|1S; 00〉 ε(P¯ , Lz) · p1 − p2
2
RSSzλ1λ2(x, k⊥) = −
M˜0
2
√
6 M0
u¯(p1, λ1)v(p2, λ2), (2.19)
where 〈1S;LzSz|1S; 00〉 εµ(P¯ , Lz)εν(P¯ , Sz) = −ε∗µ(P¯ , Sz)εν(P¯ , Sz)/
√
3 have been made. Note that
an overall phase i is assigned to the 1S0 state to match the usual phase convention. Putting
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everything together, we have
|M(P, S1 0, 0)〉 = i
∫
{d3p1}{d3p2} 2(2π)3δ3(P˜ − p˜1 − p˜2)
×
∑
λ1,λ2,α
M ba√
2Nc M˜0
u¯(p1, λ1)γ5 v(p2, λ2)ψ00(x, k⊥) |(qc)aα(p1, λ1)(q¯c)bα(p2, λ2)〉,
|M(P, P3 0, 0)〉 = −
∫
{d3p1}{d3p2} 2(2π)3δ3(P˜ − p˜1 − p˜2)
×
∑
λ1,λ2,α
M˜0 M
b
a
2
√
3β2Nc M0
u¯(p1, λ1)v(p2, λ2)ψ00(x, k⊥) |(qc)aα(p1, λ1)(q¯c)bα(p2, λ2)〉.
(2.20)
Note that for heavy mesons with the Q¯q flavor content, where Q denotes a heavy quark, they
transfer as SUf (3) triplet states. Wave functions of these states are similar to those in the above
equation, except that qc is replaced by Qc and M ba by M
b.
For the later purpose and for checking the phase convention, we shall consider the meson decay
constants. For J = 0 mesons, the decay constants are defined by the matrix elements
〈0|q¯c2γµγ5qc1|P (P )〉 ≡ ifPPµ, 〈0|q¯c2γµqc1|S(P )〉 ≡ −fSPµ, (2.21)
where the P and S denote pseudoscalar and scalar qc1q¯
c
2 mesons, respectively, and an additional
minus sign before fS is due to charge conjugation. Using the relation
〈0|(q¯c)b′α′ γ+(γ5) qca′α′ |(qc)aα(p1, λ1)(q¯c)bα(p2, λ2)〉 =
Ncδ
a
a′δ
b′
b√
p+1 p
+
2
v¯(p2, λ2)γ
+(γ5)u(p1, λ1), (2.22)
and considering V + and A+ matrix elements, we obtain [52]
fP = 2
√
2Nc
16π3
∫
dx2d
2k⊥
1
√
x1x2M˜0
(m1x2 +m2x1)ϕ(x2, k⊥),
fS = 2
√
2Nc
16π3
∫
dx2d
2k⊥
M˜0
2
√
3x1x2M ′0
(m1x2 −m2x1)ϕp(x2, k⊥). (2.23)
It is easy to see that for m1 = m2, the scalar meson wave function is symmetric with respect to x1
and x2, and hence fS = 0, as it should be [33, 57].
2. Vertex functions for pentaquarks
We adopt the Jaffe-Wilczek picture [21] for the pentaquark P(Q) which has the quark flavor
content q¯[q1q2][q3q4] (Q¯[q1q2][q3q4]). Vertex functions for pentaquarks in the light-front approach
is first formulated in [33]. For the purpose of the calculational convenience, we shall treat the
antiquark q¯ as a particle qc instead of an antiparticle, i.e. we shall use the charge conjugated
field [33]. The reason for this seemingly odd choice will become clear in later calculations.
The scalar diquark transforms as an anti-triplet in both color and flavor spaces. We use φaα,
where a and α are flavor and color indices, respectively, to denote a diquark field. More explicitly,
in the sense of color and flavor quantum numbers, we have
φaα ∼ ǫαβγǫabc[qbβqcγ ]. (2.24)
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For example, we have φ3α ∼ ǫαβγ [uβdγ ]. Note that φ is not an extrapolating field constructed
from bilinear quark fields, instead it is considered as an effectively fundamental bosonic field to
describe the degrees of freedom of the composite diquark system. In the Jaffe-Wilczek picute [21]
the diquark pair in the even (odd) parity pentaquark is in a L = 1 (0) configuration.
In the light-front approach, the pentaquark bound state with the total momentum P , spin
J = 1/2 and the orbital angular momentum of the diquark pair L = 0, 1 can be written as [33]
|P(P,L, Sz)〉 =
∫
{d3p1}{d3p2}{d3p3} 2(2π)
3
√
P+
δ3(P˜ − p˜1 − p˜2 − p˜3)
×
∑
λ1,α,β,γ,a,b,c
ΨSzL (x1, x2, x3, k1⊥, k2⊥, k3⊥, λ1) Cαβγ(FL)abc
×
∣∣∣(qc)aα(p1, λ1)φbβ(p2)φcβ(p3)〉, (2.25)
where α, β, γ and a, b, c are color and flavor indices, respectively, λ denotes helicity, p1, p2 and p3
are the on-mass-shell light-front momenta,
p˜ = (p+, p⊥) , p⊥ = (p1, p2) , p− =
m2 + p2⊥
p+
, (2.26)
and
{d3p} ≡ dp
+d2p⊥
2(2π)3
, δ3(p˜) = δ(p+)δ2(p⊥),∣∣∣(qc)(p1, λ1)φ(p2)φ(p3)〉 = d†λ1(p1)a†(p2)a†(p3)√2 |0〉, (2.27)
[a(p′), a†(p)] = 2(2π)3 δ3(p˜′ − p˜), {dλ′(p′), d†λ(p)} = 2(2π)3 δ3(p˜′ − p˜) δλ′λ.
The coefficient Cαβγ = ǫαβγ/
√
6 is a normalized color factor and (FL)abc is a normalized flavor
coefficient obeying the relation
C∗α
′β′γ′(F ∗L)
a′b′c′Cαβγ(FL)abc
〈
(q′c)a′α′(p′1, λ
′
1)φb′β′(p
′
2)φc′γ′(p
′
3)
∣∣∣(qc)aα(p1, λ1)φbβ(p2)φcγ(p3)〉
= 23(2π)9 δ3(p˜′1 − p˜1)
1
2
[δ3(p˜′2 − p˜2)δ3(p˜′3 − p˜3) + (−)Lδ3(p˜′2 − p˜3)δ3(p˜′3 − p˜2)]δλ′
1
λ1 . (2.28)
Note that (FL)abc is (anti-)symmetric under b ↔ c for L = 1 (0). For example, (F1)333 = 1 is
the only non-vanishing element of (F1)abc in the Θ
+ case and further examples are given in the
Appendix. As we shall see below, the factor of (−)L will be compensated by the corresponding
wave function under the p2 ↔ p3 interchange.
In terms of the light-front relative momentum variables (xi, ki⊥) for i = 1, 2, 3 defined by
p+i = xiP
+,
3∑
i=1
xi = 1,
pi⊥ = xiP⊥ + ki⊥,
3∑
i=1
ki⊥ = 0, (2.29)
the momentum-space wave-function ΨSzL can be expressed as
ΨSzL (xi, ki⊥, λ1) = 〈λ1|R†M (x1, k1⊥,m1)|s1〉 〈L
1
2
;ms1|L1
2
;
1
2
Sz〉 ΦLm(x1, x2, x3, k1⊥, k2⊥, k3⊥),
(2.30)
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where ΦLm(x1, x2, x3, k1⊥, k2⊥, k3⊥) describes the momentum distribution of the constituents in
the bound state with the subsystem consisting of the particles 2 and 3 in the orbital angular
momentum L, Lz = m state, 〈L12 ;ms1|112 ; 12Sz〉 is the corresponding Clebsch-Gordan coefficient
and 〈λ1|R†M (x1, k1⊥,m1)|s1〉 is the well normalized Melosh transform matrix element. Its explicit
form is given in Eq. (2.7). Note that internal variables in this case are defined as
M20 =
3∑
i=1
m2i + k
2
i⊥
xi
, ki = (
m2i + k
2
i⊥
xiM0
, xiM0, ki⊥) = (ei − kiz, ei + kiz, ki⊥),
M0 = e1 + e2 + e3, ei =
√
m2i + k
2
i⊥ + k
2
iz =
xiM0
2
+
m2i + k
2
i⊥
2xiM0
, kiz =
xiM0
2
− m
2
i + k
2
i⊥
2xiM0
.
(2.31)
Although the same notation is applied to both meson and pentaquark internal quantities, one
should be aware of their differences [cf. Eqs. (2.9), (2.13) and (2.31)].
In practice it is more convenient to use the covariant form for the Melosh transform matrix
element [33]
〈λ1|R†M (x1, k1⊥,m1)|s1〉 〈L
1
2
;ms1|L1
2
;
1
2
Sz〉 = 1√
2(p1 · P¯ +m1M0)
u¯(p1, λ1)ΓLmu(P¯ , Sz), (2.32)
with
Γ00 = 1, Γ1m = − 1√
3
γ5 6ε∗(P¯ ,m),
P¯ ≡ p1 + p2 + p3,
εµ(P¯ ,±1) =
[
2
P+
~ε⊥(±1) · ~P⊥, 0, ~ε⊥(±1)
]
, ~ε⊥(±1) = ∓(1,±i)/
√
2,
εµ(P¯ , 0) =
1
M0
(
−M20 + P 2⊥
P+
, P+, P⊥
)
, (2.33)
for pentaquark states with L = 0 or L = 1 diquark pairs. It should be remarked that in the
conventional LF approach P¯ = p1 + p2 + p3 is not equal to the baryon’s four-momentum as all
constituents are on-shell and consequently u(P¯ , Sz) is not equal to u(P, Sz); they satisfy different
equations of motions (6P¯ −M0)u(P¯ , Sz) = 0 and (6P −M)u(P, Sz) = 0. This is similar to the case of
a vector meson bound state where the polarization vectors ε(P¯ , Sz) and ε(P, Sz) are different and
satisfy different equations ε(P¯ , Sz) · P¯ = 0 and ε(P, Sz) · P = 0 [56]. Although u(P¯ , Sz) is different
than u(P, Sz), they satisfy the relation
γ+u(P¯ , Sz) = γ
+u(P, Sz), (2.34)
followed from γ+γ+ = 0, P¯+ = P+, P¯⊥ = P⊥. This is again in analogy with the case of ε(P¯ ,±1) =
ε(P,±1). The above relation is useful in extracting transition form factors to be discussed later.
The pentaquark baryon state is normalized as
〈P(P ′, S′z)|P(P, Sz)〉 = 2(2π)3P+δ3(P˜ ′ − P˜ )δL′LδS′zSz , (2.35)
so that [cf. Eqs. (2.25), (2.28) and (2.30)]∫ (
Π3i=1
dxi d
2ki⊥
2(2π)3
)
2(2π)3δ(1−
∑
xi)δ
2(
∑
ki⊥) Φ∗L′m′({x}, {k⊥})ΦLm({x}, {k⊥}) = δL′Lδm′m.
(2.36)
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Under the constraint of 1−∑3i=1 xi =∑3i=1(ki)x,y,z = 0, we have the expressions
ΦLm({x}, {k⊥}) =
√
∂(k2z , k3z)
∂(x2, x3)
ϕ00(~k1, β1) ϕLm
(
~k2 − ~k3
2
, β23
)
,
∂(k2z , k3z)
∂(x2, x3)
=
e1e2e3
x1x2x3M0
, ϕ00(~k, β) = ϕ(~k, β), ϕ1m(~k, β) = kmϕp(~k, β), (2.37)
where km = −~ε(m) · ~k = ε(P¯ ,m) · p, or explicitly km=±1 = ±(k⊥x ± ik⊥y)/
√
2, km=0 = −kz, are
proportional to the spherical harmonics Y1m in momentum space, and ϕ, ϕp are the distribution
amplitudes of s-wave and p-wave states, respectively. For a Gaussian-like wave function, one has
Eq. (2.18) and [33]
Φ1m({x}, {k⊥}) =
√
2
β223
(k2 − k3)m
2
Φ00({x}, {k⊥}). (2.38)
By virtue of Eq. (2.32) it is straightforward to obtain
〈λ1|R†M (x1, k1⊥,m1)|s1〉 〈1
1
2
;ms1|11
2
;
1
2
Sz〉(k2 − k3)m
2
=
1
2
√
6(p1 · P¯ +m1M0)
u¯(p1, λ1)γ5
[
6p2− 6p3 − P¯ · (p2 − p3)
M0
]
u(P¯ , Sz). (2.39)
where the factor of (k2 − k3)m = ε(P¯ ,m) · (p2 − p3) comes from the wave function Eq. (2.38) for
the L = 1 case. The state |P(P,L, Sz)〉 for a pentaquark P in the light-front model can now be
obtained by using Eqs. (2.25)–(2.39).
Putting everything together we have
|P(P,L = 0, Sz)〉 =
∫
{d3p1}{d3p2}{d3p3} 2(2π)
3
√
P+
δ3(P˜ − p˜1 − p˜2 − p˜3)
×
∑
λ1,α,β,γ,a,b,c
Φ00({x}, {k⊥})√
2(p1 · P¯ +m1M0)
u¯(p1, λ1)u(P¯ , Sz)
× Cαβγ(FL=0)abc
∣∣∣(qc)aα(p1, λ1)φbβ(p2)φcβ(p3)〉, (2.40)
for pentaquark states with L = 0 diquark pairs, and
|P(P,L = 1, Sz)〉 =
∫
{d3p1}{d3p2}{d3p3} 2(2π)
3
√
P+
δ3(P˜ − p˜1 − p˜2 − p˜3)
×
∑
λ1,α,β,γ,a,b,c
Φ00({x}, {k⊥})√
12 β223(p1 · P¯ +m1M0)
× u¯(p1, λ1)γ5
[
6p2− 6p3 − P¯ · (p2 − p3)
M0
]
u(P¯ , Sz)
× Cαβγ(FL=1)abc
∣∣∣(qc)aα(p1, λ1)φbβ(p2)φcβ(p3)〉, (2.41)
for pentaquark states with L = 1 diquark pairs. Note that these vertex functions have been used
to obtain weak transition form factors, which are consistent with the heavy quark symmetry [33].
10
qMQ
Q
[qq]
[qq]
B
PQ
FIG. 1: Feynman diagram for a typical PQ →MQB transition with B being an octet baryon, where
the spin-zero diquarks ([qq] = [ud], [us], [ds]) are denoted by dashed lines and the corresponding
operator Oeff (modelling the diquark pair to the Bq transition as discussed in Sec. II B) by •.
B. Pentaquarks strong decays
1. Spectator approximation and the modelling of the φφ→ Bq sub-process
In a typical pentaquark decay to a meson and a baryon, the anti-quark is common to both
pentaquark and the final state meson. To the leading order of the spectator approximation, the
anti-quark can be considered as a spectator in the decay process depicted in Fig. 1. In this picture,
there is a φφ→ Bq subprocess with φφ being a diquark pair and B a baryon. We use the effective
Hamiltonian 2
Heff =
g1eff
M
ǫαβγǫabc Bdcγ5(qc)aαφbβφdγ
+
g2eff
M2
ǫαβγǫabc Bdc iγµγ5(qc)aαφbβ∂µφdγ (2.42)
to model (or mimic) the φφ → Bq subprocess, where M = O(mφ,mB) is a characteristic scale of
the system. In general, the coupling constants g1,2eff could have momentum dependence. Since we
are considering a soft process, we may regard g1,2eff as averaged and effective coupling constants.
Because the constituent quarks in octet baryons are in the s-wave configuration, it is necessary to
bring the two diquarks in the pentaquark close together for interactions to induce a strong decay.
Therefore, it is plausible to use local operators to approximate the effective Hamiltonian.
The strong decay amplitude of a pentaquark can be approximated by
M(P → BM) ≈ 〈BM |Heff |P〉
2 Note that the γ5 term is needed owing to the parity conservation for strong interactions and the presence
of the qc field.
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= 〈B| B¯dc |0〉
g2eff
M2
ǫαβγǫabc〈M |iγµγ5(qc)aαφbβ∂µφdγ |P〉. (2.43)
As we shall see, only the g2eff term in Eq. (2.42) is relevant for the strong decays of even-parity
pentaquarks under the spectator approximation. The antiquark common to the pentaquark and
to the final state meson behaves as a spectator. Eq. (2.43) can be considered as an ansatz. In this
work we shall estimate the matrix element 〈M |(qc)φ∂φ|P〉 using the light-front approach. Once
the coupling constant g2eff is extracted from the process such as Θ
+ → KN , we can apply it to
estimate other P →MB strong decays.
In Eq. (2.43) we have3 〈B| B¯dc |0〉 = u¯(PB, S′z)T dc , where T dc is a traceless 3 × 3 matrix element
corresponding to the emitted baryon SU(3) quantum number and its explicit form is given in the
Appendix. Defining
Oeff = iǫαβγǫabcγµγ5(qc)aαφbβ∂µφdγT dc . (2.44)
we can recast Eq. (2.43) to
M(P →MB) = g2eff
M2
u¯(PB, S′z)〈M |Oeff |P〉. (2.45)
From Lorentz covariance and SU(3) symmetry, we have the general expressions
〈P (8)|Oeff |P(10)〉 = ǫijkPimnTmj Pnk f(q2) iγ5u(PP , Sz),
〈PQ(3)|Oeff |PQ(6¯)〉 = ǫijk(PQ)imTmj (PQ)k fQ(q2) iγ5u(PP , Sz),
〈SQ(3)|Oeff |PQ(6¯)〉 = −ǫijk(PQ)imTmj (SQ)k gQ(q2)u(PP , Sz), (2.46)
where f, fQ, gQ are form factors with dimension 2, P(10) is an anti-decuplet pentaquark, PQ(6¯)
is a heavy anti-sextet pentaquark, P (8) is an octet pseudoscalar meson, PQ(3) is a heavy triplet
pseudoscalar meson and SQ(3) is a heavy triplet scalar meson. Note that PQ (PQ, SQ) in right hand
side of the above equation is a 3×3 (3×1) matrix characterizing the SU(3) quantum numbers of the
corresponding states; that is, Pijk = (FL=1)ijk, (PQ)ij = (FL=1)ij, P lm = M lm, (PQ)l = Ml, (SQ)l =
Ml. Our approach is consistent with the generic SU(3) approach [44]. Armed with the meson and
pentaquark (phenomenological) wave functions [cf. Eqs. (2.20), (2.40) and (2.41) ], we are ready
to estimate these form factors. To the end, we will gain more information than that based solely
on flavor symmetry. For example, it will be interesting to see how the transition matrix elements
involving different final state mesons, such as s-wave and p-wave ones, behave.
It is interesting to note that in the soft meson limit, the pentaquark decay amplitude can be
related to the axial-vector matrix element 〈B|Aµ|P〉. According to the action of the axial current
there are two possible diagrams: an annihilation diagram and a transition one. The annihilation
diagram has been considered in [47] and it is close to the one considered here as depicted in Fig. 1,
while the transition diagram is the analogue of the so-called Z-graph. In the present framework,
the Z-diagram is obtained by replacing the φφ → Bq sub-process in Fig. 1 by the φφqc → B one.
As in [33, 52, 58], we consider the q+ = 0, q⊥ 6= 0 case where the Z-diagram contribution is
absent [51, 56].
3 Note that |B〉 is normalized in the same way as Eq. (2.35) and is different from the |q〉 normalization.
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We shall follow [33, 58] to project out various form factors from the transition matrix elements.
To extract form factors f, fQ, gQ, we apply the relation [59]
u¯(P ′, S′z)γ
+u(P, Sz)
2
√
P+P ′+
=
u¯(P¯ ′, S′z)γ+u(P¯ , Sz)
2
√
P+P ′+
=
u(P¯ ′, S′z)γ+u(P, Sz)
2
√
P+P ′+
=
u¯(P ′, S′z)γ+u(P¯ , Sz)
2
√
P+P ′+
= δS′zSz , (2.47)
which can be obtained by applying Eqs. (2.8) and (2.34), and multiplying u¯(P, Sz)γ
+γ5(=
u¯(P¯ , Sz)γ
+γ5) to the first two equations of Eq. (2.46) from the left and u¯(P, Sz)γ
+(= u¯(P¯ , Sz)γ
+)
to the last equation of Eq. (2.46) from the left.
2. Even-parity Pentaquark to pseudoscalar and to scalar meson transitions
It is easy to derive the relation
〈(qc)a′α′(p′1, λ′1)(q¯c)b
′α′(p′2, λ
′
2)|γ5(qc)a′′α′′ φbβ′′i∂µφd′′γ′′ |(qc)aα(p1, λ1)φbβ(p2)φcγ(p3)〉
=
2(2π)3√
2p′+2 p
+
2 p
+
3
γ5v(p
′
2, λ
′
2) δ
3(p˜′1 − p˜1) δλ1λ′1δ
b′
a′′δ
α
α′′δ
a
a′ [p3µδ
b
b′′δ
β
β′′δ
c
d′′δ
γ
γ′′ + p2µδ
b
d′′δ
β
γ′′δ
c
b′′δ
γ
β′′ ],
(2.48)
where the 1/
√
2 factor is ascribed to the identical particles of |φφ〉 and is included in the initial
state as defined in Eq. (2.28). Since we do not have an SUf (3) singlet meson in the final state,
a disconnected term, which occurs from the contraction of the final state quark-antiquark pair, is
dropped from the above equation. For the even-parity pentaquark decay matrix element, the terms
ǫa
′′b′′c′′ǫα
′′β′′γ′′T d
′′
c′′ fromOeff and Cαβγ(FL=1)abc from |P〉 will be contracted with the above equation.
Since (FL=1)abc and ǫ
αβγ are symmetric and anti-symmetric, respectively, in interchanging any of
the two indices, we are led to a factor of Cαβγǫ
αβγ(FL=1)a′b′′d′′ǫ
b′b′′c′′T d
′′
c′′ (p3−p2)µ after contraction.
It can be easily seen that the matrix element will be vanished if φφ rather than φ∂φ is employed
in Oeff . This is the reason why only the g2eff term in Heff contributes.
For P(10)→ P (8) transitions, we have
〈P (P ′)|Oeff |P(P, Sz)〉 = −i
∫
{d3p1}{d3p2}
ǫlij(FL=1)minT
n
j M
m
l
2
√
2 β223(p1 · P¯ +m1M0)P+p′+2 p+2 p+3 NcM˜ ′0
× (6p2− 6p3)γ5(6p′2 −m′2)γ5(6p1 +m1)γ5
[
6p2− 6p3 − P¯ · (p2 − p3)
M0
]
× u(P¯ , Sz) ψ00(x′, k′⊥) Φ00({x}, {k⊥}), (2.49)
with p′1 = p1, (p2 + p3 − p′2 − q)+ = (p2 + p3 − p′2 − q)⊥ = 0, q+ = 0 or, equivalently,
x′1 = x1 (or x
′
2 = x2 + x3), k
′
1⊥ − x1q⊥ = k1⊥(= −k2⊥ − k3⊥), (2.50)
where Cαβγǫ
αβγ =
√
6 and a relabelling of dummy indices has been made in Eq. (2.49).
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Likewise, for the case of PQ(6¯)→ PQ(3) transitions, we have
〈PQ(P ′)|Oeff |PQ(P, Sz)〉 = −i
∫
{d3p1}{d3p2}
ǫlij(FL=1)imT
m
j Ml
2
√
2 β223(p1 · P¯ +m1M0)P+p′+2 p+2 p+3 NcM˜ ′0
× (6p2− 6p3)γ5(6p′2 −m′2)γ5(6p1 +m1)γ5
[
6p2− 6p3 − P¯ · (p2 − p3)
M0
]
× u(P¯ , Sz) ψ00(x′, k′⊥) Φ00({x}, {k⊥}), (2.51)
while for the case of PQ(6¯)→ SQ(3) transitions,
〈SQ(P ′)|Oeff |PQ(P, Sz)〉 =
∫
{d3p1}{d3p2}
ǫlij(FL=1)imT
m
j MlM˜
′
0
4
√
3 β223β
′2(p1 · P¯ +m1M0)P+p′+2 p+2 p+3 NcM ′0
× (6p2− 6p3)γ5(6p′2 −m′2)(6p1 +m1)γ5
[
6p2− 6p3 − P¯ · (p2 − p3)
M0
]
× u(P¯ , Sz) ψ00(x′, k′⊥) Φ00({x}, {k⊥}). (2.52)
Multiplying u¯(P, Sz)γ
+γ5 (u¯(P¯ , Sz)γ
+γ5) to the left (right) hand side of Eqs. (2.49) and
(2.51) and noting that SU(3) factors in Eq. (2.46) and in Eqs. (2.49), (2.51) are the same [i.e.
ǫijlPinmT nj Pml = ǫlij(FL=1)minT nj Mml , ǫijl(PQ)imTmj (PQ)l = ǫlij(FL=1)imTmj Ml] and hence can be
factored out, we have
f(q2) = −
∫
dx1d
2k1⊥
2(2π)3
dx2d
2k2⊥
2(2π)3
1
8P+M˜ ′0
√
2 β223(p1 · P¯ +m1M0)x′2x2x3Nc
× Tr
{
(6 P¯ +M0)γ+(6p2− 6p3)(6p′2 −m′2)(6p1 −m1)
[
6p2− 6p3 − P¯ · (p2 − p3)
M0
]}
× ψ00(x′, k′⊥) Φ00({x}, {k⊥}),
fQ(q
2) = −
∫
dx1d
2k1⊥
2(2π)3
dx2d
2k2⊥
2(2π)3
1
8P+M˜ ′0
√
2 β223(p1 · P¯ +m1M0)x′2x2x3Nc
× Tr
{
(6 P¯ +M0)γ+(6p2− 6p3)(6p′2 −m′2)(6 p¯1 −m1)
[
6p2− 6p3 − P¯ · (p2 − p3)
M0
]}
× ψ00(x′, k′⊥) Φ00({x}, {k⊥}). (2.53)
Similarly by multiplying u¯(P, Sz)γ
+ (u¯(P¯ , Sz)γ
+) to the left (right) hand side of Eq. (2.52) and
using the fact that ǫijl(PQ)imTmj (SQ)l = ǫlij(FL=1)imTmj Ml, we arrive at
gQ(q
2) = −
∫
dx1d
2k1⊥
2(2π)3
dx2d
2k2⊥
2(2π)3
M˜ ′0
16P+M ′0
√
3 β223β
′2(p1 · P¯ +m1M0)x′2x2x3Nc
× Tr
{
(6 P¯ +M0)γ+(6p2− 6p3)(6p′2 +m′2)(6p1 −m1)
[
6p2− 6p3 − P¯ · (p2 − p3)
M0
]}
× ψ00(x′, k′⊥) Φ00({x}, {k⊥}). (2.54)
For a more explicit expression of above form factors we need to work out the corresponding
traces. It is straightforward to obtain
1
4P+
Tr
{
(6 P¯ +M0)γ+(6p2− 6p3)(6p′2 ∓m′2)(6p1 −m1)
[
6p2− 6p3 − P¯ · (p2 − p3)
M0
]}
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= p223[(p1 · p′2 ±m1m′2) + x′2(p1 · P¯ +m1M0)− x1(p′2 · P¯ ∓m′2M0)]
+2x23p23 · p1(p′2 · P¯ ∓m′2M0)− 2x23p23 · p′2(p1 · P¯ +m1M0)
+2p23 · P¯ (x1p23 · p′2 − x′2p23 · p1)
− P¯ · p23
M0
{p23 · P¯ (±x1m′2 + x′2m1) + x23[M0(p1 · p′2 ±m1m′2)−m1(p′2 · P¯ ∓m′2M0)
∓m′2(p1 · P¯ +m1M0)]− p23 · p1(±m′2 + x′2M0)− p23 · p′2(m1 − x1M0)}, (2.55)
where use of p23 ≡ p2−p3, x23 ≡ x2−x3 has been made. To recast the above expression in terms of
internal variables, it is useful to note that p1 = p
′
1, P¯ − P¯ ′ = p2 + p3 − p′2 = q¯, where q¯+ = q+ = 0,
q¯⊥ = q⊥, and q¯2 = q2 = −q2⊥, q¯ · (x(′)i P¯ (′) − p(′)i ) = q⊥ · k(′)i⊥. We then obtain
P¯ · P¯ ′ = 1
2
(M20 +M
′2
0 − q2), p1 · p′2 ±m1m′2 =
M ′20 − (m1 ∓m′2)2
2
,
p1 · P¯ +m1M0 = (m1 + x1M0)
2 + k21⊥
2x1
, p′2 · P¯ ∓m′2M0 =
(m′2 ∓ x′2M0)2 + (k1⊥ + q⊥)2
2x′2
,
p223 = k
2
23 = (k
+
2 − k+3 )(k−2 − k−3 )− k223⊥, P¯ · p23 =M0e23 = p1 · p23 +m22 −m23,
q¯ · p23 = −q¯ · (x23P¯ − p23) + x23q¯ · P¯ = −q⊥ · k23⊥ + x23
2
(M20 −M ′20 + q2),
p′2 · p23 = (p2 + p3 − q¯) · p23 =
2q⊥ · k23⊥ − x23(M20 −M ′20 + q2) + 2(m22 −m23)
2
, (2.56)
where uses of Eq. (2.50), e23 ≡ e2 − e3 and k23 ≡ k2 − k3 have been made. Finally putting these
together, we obtain
f(q2) = −
∫
dx1d
2k1⊥
2(2π)3
dx2d
2k2⊥
2(2π)3
1
4x′2M˜
′
0
√
β223[(m1 + x1M0)
2 + k21⊥]x1x
′
2x2x3Nc
×
{
x1x
′
2[M
′2
0 − (m1 −m′2)2](k223 − x23M0e23)
+x′2[(m1 + x1M0)
2 + k21⊥]{[k223x′2 + x23[−2q⊥ · k23⊥
+x23(M
2
0 −M ′20 + q2)− 2(m22 −m23) +m′2e23]}
+x1[(m
′
2 − x′2M0)2 + (k1⊥ + q⊥)2][−x1k223 + 2x23(M0e23 −m22 +m23) + x23m1e23]
+x1x
′
2e23{−2M0e23(x1m′2 + x′2m1) + 2(M0e23 −m22 +m23)(m′2 − x′2M0)
+[2q⊥ · k23⊥ − x23(M20 −M ′20 + q2) + 2(m22 −m23)](m1 + x1M0)}
}
× ψ00(x′, k′⊥) Φ00({x}, {k⊥}),
fQ(q
2) = −
∫
dx1d
2k1⊥
2(2π)3
dx2d
2k2⊥
2(2π)3
1
4x′2M˜
′
0
√
β223[(m1 + x1M0)
2 + k21⊥]x1x
′
2x2x3Nc
×
{
x1x
′
2[M
′2
0 − (m1 −m′2)2](k223 − x23M0e23)
+x′2[(m1 + x1M0)
2 + k21⊥]{[k223x′2 + x23[−2q⊥ · k23⊥
+x23(M
2
0 −M ′20 + q2)− 2(m22 −m23) +m′2e23]}
+x1[(m
′
2 − x′2M0)2 + (k1⊥ + q⊥)2][−x1k223 + 2x23(M0e23 −m22 +m23) + x23m1e23]
+x1x
′
2e23{−2M0e23(x1m′2 + x′2m1) + 2(M0e23 −m22 +m23)(m′2 − x′2M0)
+[2q⊥ · k23⊥ − x23(M20 −M ′20 + q2) + 2(m22 −m23)](m1 + x1M0)}
}
× ψ00(x′, k′⊥) Φ00({x}, {k⊥}),
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gQ(q
2) = −
∫
dx1d
2k1⊥
2(2π)3
dx2d
2k2⊥
2(2π)3
M˜ ′0
4x′2M
′
0
√
6β223β
′2[(m1 + x1M0)2 + k21⊥]x1x
′
2x2x3Nc
×
{
x1x
′
2[M
′2
0 − (m1 +m′2)2](k223 − x23M0e23)
+x′2[(m1 + x1M0)
2 + k21⊥]{[k223x′2 + x23[−2q⊥ · k23⊥
+x23(M
2
0 −M ′20 + q2)− 2(m22 −m23)−m′2e23]}
+x1[(m
′
2 + x
′
2M0)
2 + (k1⊥ + q⊥)2][−x1k223 + 2x23(M0e23 −m22 +m23) + x23m1e23]
+x1x
′
2e23{2M0e23(x1m′2 − x′2m1)− 2(M0e23 −m22 +m23)(m′2 + x′2M0)
+[2q⊥ · k23⊥ − x23(M20 −M ′20 + q2) + 2(m22 −m23)](m1 + x1M0)}
}
× ψ00(x′, k′⊥) Φ00({x}, {k⊥}). (2.57)
Numerical estimations of these form factors will be given in the next section.
III. NUMERICAL RESULTS
A. Strong decays of pentaquark baryons
The input parameters m[qq′], mq, βM , β1 (for the anti-quark) and β23 (for the diquark pair) [see
Eq. (2.37)] that are relevant for our proposes are summarized in Table I. The quark masses and
βM ’s are taken from [52, 60] where the latter are obtained by fitting to the decay constants [cf.
Eq. (2.23)] as done in [60]. Note that our prediction fD∗s0 = 59 MeV [52] is consistent with the
recent experimental result fD∗s0 ≈ 47 − 73 MeV [48, 61]. This supports a smaller value of βD∗s0 as
shown in Table I. Since the diquark pair acts like 3c, the q¯–{[ud][ud]} system can be regarded as the
analog of the heavy meson q¯–q′. Therefore, it is plausible to assume that β1c : β1s ∼ βD : βK [33].
The β23[qq′] parameter for the diquark pair is taken to be of order ΛQCD. The explicit numerical
values of βD,K are taken from [52, 60]. As shown in [33], by using these input parameters, the
obtained Σ′5b → Σ′5c transition form factors f1(0), g1(0) are close to their counterparts (in the sense
of SUf (3) representation) in the Λb → Λc transition [62].
To proceed, we find that the momentum dependence of the form factors in the spacelike region
can be well parameterized and reproduced in the three-parameter form:
F (q2) =
F (0)
1− (q2/Λ21) + (q2/Λ22)2
(3.1)
TABLE I: The pentaquark masses and input parameters m[qq′], mq and β’s (in units of GeV)
appearing in the Gaussian-type wave function (2.18).
m[ud] m[us] mu ms mc β1c β1s
0.40 0.56 0.23 0.45 1.3 0.58 0.48
β23[qq′] βpi βK βD βDs βD∗s0
0.38 0.35 0.377 0.456 0.478 0.340
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for P →M transitions. The parameters Λ1,2, and F (0) are first determined in the spacelike region.
We then employ this parametrization to determine the physical form factors at q2 ≥ 0.
Table II gives various form factors obtained in the light-font approach. The from factors obtained
from Eqs. (2.53), (2.54) are fitted to the form of Eq. (3.1). For pentaquarks in which the two
diquarks have different flavors, e.g. the Σ05c(c¯[ud][us]) → D−s transition, we need to average over
f(q2) by applying m2 = mud, m3 = mus followed by an interchange of them in Eqs. (2.53). We
shall fit the form factors to the range of −3 GeV2 < q2 ≤ 0 for light pentaquark transitions, and
to the range of −7 GeV2 ≤ q2 ≤ 0 for heavy pentaquark transitions. Note that for Θ → K and
Ξ3/2 → π,K transition form factors a monopole form for their momentum dependence is adequate;
an inclusion of the Λ2 term will not affect the fit quality. For the case of heavy pentaquark
transitions, since the form factors are fitted to a larger range of q2, it is necessary to include the
Λ2 term in order to achieve a better fit.
Several remarks are in order: (i) It is interesting to note from Table II that Θ → K and
Θc → D form factors are very similar owing to the underlying spectator picture in which s¯ and c¯
are spectators. (ii) It is important to point out that the form factors of interest are indeed small
as one can check explicitly that f(q2)/m2P , fQ(q
2)/m2PQ , gQ(q
2)/m2PQ ≪ 1. The smallness of form
factors is ascribed to the p-wave configuration of the two diquarks in an even-parity pentaquarks
as it is necessary to bring the two diquarks close together to get involved interactions and produce
an ordinary baryon with a s-wave quark configuration. As noted in passing, this phenomenon has
been modelled in the present work by applying a local operator Oeff for the φφ → Bq transition.
The mismatch in the orbital angular momentum configuration is the key physical reason for the
smallness of these form factors. (iii) The Pc → D∗s0 form factors are smaller than the Pc → Ds
ones by a factor of 2 owing to the smallness of βD∗s0 . (iv) All the form factors are sensitive to β23,
for example, fΘ→K(0) = 0.077 GeV2 (see Table II) will be enhanced by 16% if β23 is changed from
0.38 GeV to 0.42 GeV. For pentaquark weak decays considered in [33], diquarks are spectators and
hence weak decays are not sensitive to β23. In this work, diquarks are no longer spectators and
hence the strong transition form factors are sensitive to β23. However, as the pentaquark decay
rates are normalized to the Θ→ NK one, the β23 dependence will be reduced.
With the numerical results of strong transition form factors given in Table II, we are ready to
estimate the corresponding strong decays. The P → BM decay amplitudes are given by
A(P → BM) = u¯(PB, S′z)(A+ iBγ5)u(PP , Sz), (3.2)
TABLE II: The transition form factors for various pentaquark to meson transitions.
FP→M F (0) (GeV2) Λ1 (GeV) Λ2 (GeV) FP→M F (0) (GeV2) Λ1 (GeV) Λ2 (GeV)
fΘ→K 0.077 2.18 – fΣ5c→Dsc 0.045 2.25 2.40
fΞ3/2→pi 0.065 2.59 – gΣ5c→D
∗
s0
c 0.024 2.64 2.32
fΞ3/2→K 0.085 2.56 – fΞ5c→Dsc 0.084 2.16 2.55
fΘc→Dc 0.081 2.06 2.39 g
Ξ5c→D∗s0
c 0.045 2.97 2.23
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with (κ ≡ g2eff/M2)
B[P(10)→ BP (8)] = ǫijkPimnTmj Pnk κf(m2B),
B[PQ(6¯)→ BPQ(3)] = ǫijk(PQ)imTmj (PQ)k κfQ(m2B),
A[PQ(6¯)→ BSQ(3)] = −ǫijk(PQ)imTmj (PQ)k κgQ(m2B),
A[P(10)→ BP (8)] = A[PQ(6¯)→ BPQ(3)] = B[PQ(6¯)→ BPQ(3)] = 0, (3.3)
followed from Eqs. (2.43) and (2.46). The explicit expression of the Clebsch-Gordan coefficients
in Eq. (3.3) can be found in the Appendix. For the decay modes under consideration, the non-
vanishing amplitudes read
B(Θ→ pK0) = −B(Θ→ nK+) = κfΘ→K(m2N ),
B(Ξ−−3/2 → Ξ−π−) = κfΞ3/2→pi(m2Ξ),
B(Ξ−−3/2 → Σ−K−) = κfΞ3/2→K(m2Σ),
B(Θ0c → pD−) = κfΘc→Dc (m2p),
B(Σ05c → pD−s ) = −
κ√
2
fΣ5c→Dsc (m
2
p),
A(Σ05c → pD∗−s0 ) =
κ√
2
g
Σ5c→D∗s0
c (m
2
p),
B(Ξ05c → Σ+D−s ) = −κfΞ5c→Dsc (m2Σ),
A(Ξ05c → Σ+D∗−s0 ) = κg
Ξ5c→D∗s0
c (m
2
Σ), (3.4)
where the quark flavor content of the sextet charmed pentaquarks is explained in [33]. The decay
rate can be evaluated via [62]
Γ(P → BM) = pc
8π
[
(mP +mB)2 −m2M
m2P
|A|2 + (mP −mB)
2 −m2M
m2P
|B|2
]
, (3.5)
where pc is the c.m. momentum of the final state in the pentaquark rest frame.
By fitting to Γ(Θ → pK0) = 12Γ(Θ) ≃ 0.5 MeV, we obtain κf(m2N ) ≃ 0.97. Using the result
of f(m2N ) = 0.095 GeV
2 from Table II, it follows that κ ≡ g2eff/M2 ≃ 10.2 GeV−2, where M is a
characteristic scale of the φφ→ Bq transition. Taking M ≃ 1 GeV, we have g2eff ≃ 10.2, which is
slightly smaller than the strong πNN coupling gpiNN ∼ 14. This suppression could be understood
as the cost to pay for breaking one of the diquarks into two quarks.
With the effective strong coupling in a reasonable size, it is now plausible to ascribe the narrow
width of Θ+ to the suppressed transition form factors (fΘ→K/m2Θ ≪ 1). As noted in passing, this
suppression arises from bringing the two diquarks in a p-wave configuration close together to form
a final state baryon in the s-wave quark configuration.
Treating κ to be approximately universal, we can estimate the strong decay rates of Ξ−−3/2 →
Ξ−π−,Σ−K−, Θ0c → pD−, Σ05c → pD−s , pD∗−s0 and Ξ05c → Σ+D−s ,Σ+D∗−s0 . In Fig. 2, we show these
rates normalized to Γ(Θ) = 2Γ(Θ → pK0) = 1 MeV as a function of the pentaquark mass 4. It is
4 In this estimation the dependence of the pentaquark mass in rates are explicitly shown in Eq. (3.5) with
A and B terms being kept fixed in the mass range under consideration.
18
1.4 1.5 1.6 1.7 1.8 1.9
mΞ3 2 (GeV)
0
0.2
0.4
0.6
0.8
1
1.2
1.4
Γ(
M
e
V
)
Ξ3/2− − →Ξ−pi−
Ξ3/2− − →Σ−K−
2.8 2.9 3.0 3.1 3.2
mΘc (GeV)
0
1
2
3
4
5
Γ(
M
e
V
) Θc0 →pD−
2.9 3 3.1 3.2 3.3 3.4 3.5
m Σ5 c (GeV)
0
0.2
0.4
0.6
0.8
1
1.2
Γ(
M
e
V
) Σ5 c0 →pDs−
Σ5 c0 →pDs0∗−
3.1 3.3 3.5 3.7
mΞ5 c (GeV)
0
2
4
6
8
10
12
Γ(
M
e
V
) Ξ5 c0 →Σ+Ds−
Ξ5 c0 →Σ+Ds0∗−
FIG. 2: Decay rates (in units of MeV) for Ξ−−3/2 → Ξ−π−,Σ−K−, Θ0c → pD−, Σ5c → pD−s , pD∗−s0
and Ξ05c → Σ+D−s ,Σ+D∗−s0 as a function of the pentaquark mass. These rates are normalized to
Γ(Θ+) = 2Γ(Θ+ → pK0) = 1 MeV.
clear that Ξ−−3/2 → Ξ−π−,Σ−K−, Σ05c → pD−s , pD∗−s0 and Θ0c → pD− decay rates are of order a few
MeV, while Ξ05c → Σ+D−s ,Σ+D∗−s0 decay rates are of order tens of MeV. In particular, by taking
mΘc ≃ 3.1 GeV as observed by H1 collaboration [29], we obtain Γ(Θ0c → pD−) ≃ 3.1 MeV, which
is consistent with the observed width of Γ(Θc) = 12± 3 MeV [29]. Taking mΞ−−
3/2
= 1862 ± 2 MeV
as measured by NA49 [13], we obtain Γ(Ξ−−3/2 → Σ−K−) ≃ 1.07 MeV and Γ(Ξ−−3/2 → Ξ−π−) ≃
1.13 MeV, which are again consistent with the observed width of Γ(Ξ−−3/2) ≤ 18 MeV [13]. Our
estimation for the ratio Γ(Ξ−−3/2 → Ξ−π−)/Γ(Θ+ → pK0) ≃ 2.2 is several times smaller than that
of [45] but close to the estimate made in [43]. Note that the ratio Γ(Ξ−−3/2 → Σ−K−)/Γ(Ξ−−3/2 →
Ξ−π−) ≃ 0.94 is 50% larger than that obtained in [43] based solely on the phase space consideration.
The enhancement is due to the form factor ratio fΞ3/2→K(m2Σ)/f
Ξ3/2→pi(m2Ξ) = 1.23 (cf. Table II)
obtained in the LF calculation.
So far we have focused only on the strong decays of the pentaquarks into an octet baryon and a
pseudoscalar meson. For the decay into a vector meson, it involves an additional unknown tensor
coupling which is calculable within our light-front framework. Moreover, in the heavy quark limit
PQ → MQB and PQ → M∗QB are governed by the same strong coupling constant. Indeed, heavy
quark symmetry leads to the relation Γ(PQ → M∗QB) = 3Γ(PQ → MQB) [63]. Since Θc → D∗−p
has been observed by H1 [29], it will be interesting to measure the rate of Θc → D−p to test heavy
quark symmetry. Our result Γ(Θ0c → pD−) ≃ 3.1 MeV will imply Γ(Θ0c → pD∗−) ∼ 9 MeV. With
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Γ(Θ0c → D(∗)0n) ≃ Γ(Θ0c → D(∗)−p) we expect Γ(Θc) ≃ 20 GeV. This is in accordance with the
observed width of Γ(Θ0c) = 12 ± 3 MeV [29].
It is interesting to note that although the Pc → D∗s0 form factor is smaller than the Pc → Ds
one by a factor of 2, the decay rate for the D∗s0 production is comparable to that for Ds. This
can be understood from the parity consideration. Since Pc, B, D∗s0 are parity even, the final
state BD∗s0 in Pc decay can have a s-wave configuration, while the BDs state must be in a p-wave
or higher odd-wave configuration, whose rate is suppressed near the threshold. However, such a
suppression is absent in the final state composed of an even-parity meson and an even-parity baryon
and hence the decay Pc → BD∗s0 can have a sizable decay rate even its transition form factor is
suppressed. This is the reason why we have Γ(Σ05c → pD∗−s0 ) ≃ Γ(Σ05c → pD−s ) and Γ(Ξ05c →
Σ+D∗−s0 ) ≃ Γ(Ξ05c → Σ+D−s ) (see Fig. 2), provided that these strong decays are kinematically
allowed. As this is closely related to the even-parity nature of these pentaquarks, the ratio of
Γ(Pc → BD∗s0)/Γ(Pc → BDs) provides for a useful way for verifying the parity of the charmed
pentaquark. For example, a completely opposite pattern – Γ(Σ5c → pD∗−s0 ) ≪ Γ(Σ5c → pDs) and
Γ(Ξ5c → ΣD∗−s0 )≪ Γ(Ξ5c → ΣDs) – is expected for odd-parity pentaquarks Σ5c and Ξ5c. It should
be remarked that mD∗s0 ≃ 2.317 GeV [48, 49] is substantially smaller than expected from the quark
model and hence the D∗s0B threshold is close to the DsB one, rendering the production of the former
easier than naive anticipation.
Finally, it is worth commenting that Pc can be produced in B decays via B → PcB¯ such as
B+ → Θ0c∆¯+ and B0 → Θ0c p¯π+ [64, 65]. Theoretically, it is difficult to estimate their branching
ratios. Nevertheless, the measured branching ratios by Belle for charmful baryonic B decays [66],
B(B0 → Λ+c p¯) = (2.2+0.6−0.5±0.3±0.6)×10−5 and B(B− → Λ+c p¯π−) = (1.87+0.43−0.40±0.28±0.49)×10−4,
provide some useful cue. Since a production of the pentaquark needs one more pair of qq¯ compared
to the normal baryon, it is plausible to expect that the branching ratios of B+ → Θ0c∆¯+ and B0 →
Θ0c p¯π
+ are at most of order 10−6 and 10−5, respectively. Hence, they may be barely reachable at B
factories. Nervertheless, one can search for Pc through B → PcB¯′ → (DB)B¯′, (DsB)B¯′, (D∗s0B)B¯′
decays.
IV. CONCLUSIONS
Assuming the two diquark structure for the pentaquark as advocated in the Jaffe-Wilczek model,
we study the strong decays of pentaquark baryons using the light-front approach in conjunction
with the spectator approximation. The main conclusions are as follows.
1. In the Jaffe-Wilczek model, the diquark pairs in the light antidecuplet and heavy antisextet
pentaquark baryons are in a p-wave configuration. To describe their strong decays, the two
diquarks must interact to produce an ordinary baryon with a s-wave quark configuration.
This phenomenon has been modelled in the present work by applying a local operator Oeff
for the φφ → Bq transition. With a reasonable (and unsuppressed) strong coupling of Oeff
we see that the mismatch in the orbital angular momentum configuration is the key physical
reason for the narrowness of the pentaquark decay width.
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2. Treating the subprocess φφ → Bq to be approximately universal as suggested by the
spectator picture, we estimate the strong decays Ξ−−3/2 → Ξ−π−,Σ−K−, Θ0c → pD−,
Σ5c → pD−s , pD∗−s0 and Ξ05c → Σ+D−s , pD∗−s0 by normalizing to the Θ+ width. We find
that Ξ−−3/2 → Ξ−π−,Σ−K−, Σ5c → pD−s , pD∗−s0 and Θ0c → pD−decay rates are of the order
of a few MeV, while and Ξ05c → Σ+D−s ,Σ+D∗−s0 decay rates are of order tens of MeV. If we
take mΞ−−
3/2
= 1862 ± 2 MeV as observed by NA49 [13], we have Γ(Ξ−−3/2 → Ξ−π−)/Γ(Θ+ →
pK0) ≃ 2.2 which is consistent with the observed width of Γ(Ξ−−3/2) ≤ 18 MeV [13].
3. Since the mass of the scalar meson D∗−s0 is observed to be lighter than expected, we also study
Pc → D∗s0B decays in addition to Pc → DsB decays. The former modes are enhanced (or
unsuppressed) due to the even-parity nature of Pc,B andD∗s0. In particular, the experimental
study of the ratio of Γ(Pc → BD∗s0)/Γ(Pc → BDs) could be very useful for verifying the parity
of the sextet charmed pentaquark Pc. It is expected to be of order unity for an even parity
Pc and much less than one for an odd parity one.
4. We also pointed out the possibility to search for Pc through B → PcB¯′ →
(DB)B¯′, (DsB)B¯′, (D∗s0B)B¯′ decays.
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APPENDIX A: CLEBSCH-GORDAN COEFFICIENTS FOR PENTAUQRKS,
OCTET BARYONS AND MESONS
In this Appendix we specify the pentaquark, octet baryon and meson SUf (3) quantum numbers.
For anti-decuplet pentaquarks, we use the totally symmetric tensor Pijk satisfying the normalization
condition PijkP
ijk = 1
P333 = Θ
+,
P133 =
1√
3
N0
10
, P233 =
1√
3
N+
10
,
P113 =
1√
3
Σ−
10
, P123 =
1√
6
Σ0
10
, P223 =
1√
3
Σ+
10
,
P111 = Ξ
−−
3/2 , P112 = Ξ
−
3/2, P122 = Ξ
0
3/2, P222 = Ξ
+
3/2. (A1)
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Note that (FL=1)ijk = Pijk. Anti-sextet heavy pentaquarks are described by the totally symmetric
tensor (PQ)ij . In the case of charm pentaquarks, we have:
(Pc)33 = Θ0c ,
(Pc)13 = 1√
2
Σ−5c, (Pc)23 =
1√
2
Σ05c,
(Pc)11 = Ξ−−5c , (Pc)12 =
1√
2
Ξ−5c, (Pc)22 = Ξ05c. (A2)
The SUf (3) structure of octet baryons and mesons are represented by B = T and M :
B = T =

Σ0√
2
+ Λ√
6
Σ+ p
Σ− −Σ0√
2
+ Λ√
6
n
Ξ− Ξ0 −
√
2
3Λ
 , M =

pi0√
2
+ η8√
6
π+ K+
π− − pi0√
2
+ η8√
6
K0
K− K0 −
√
2
3η8
 . (A3)
For example, for a final state p and K0 in the Θ+ decay, we need to use T 31 = p, M
3
2 = K
0. Heavy
mesons (D
0
,D−,D−s ) transform like a triplet (u, d, s) under SUf (3).
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